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DESCRIPTION 



IN VITRO GROWTH OF FUNCTIONA L ISTPTS O FJLANGERHANS 
AND IN VIVO USES THEREOF 




Background of the Invention 
Diabetes is a major public health problem. As presented in the 1987 Report 
of The National Long-Range Plan to Combat Diabetes commissioned by the National 
Diabetes Advisory Board, six million persons in the United States are know to have 
10 diabetes, and an additional 5 million have the disease which has not yet been 
diagnosed. Each year, more than 500,000 new cases of diabetes are identified. In 
1984, diabetes was directly causal in 35,000 American deaths and was a contributing 
factor in another 95,000. 

Ocular complications of diabetes are the leading cause of new cases of legal 
15 blindness in people ages 20 to 74 in the United States. The risk for lower extremity 
amputation is 15 times greater in individuals with diabetes than in individuals without 
it. Kidney disease is a frequent and serious complication of diabetes. Approximately 
30 percent of all new patients in the United States being treated for end-stage renal 
disease have diabetes. Individuals with diabetes are also at increased risk for 
20 periodontal disease. Periodontal infections advance rapidly and lead not only to loss 
of teeth but also to compromised metabolic function. Women with diabetes risk 
serious complications of pregnancy. Current statistics suggest that the mortality rates 
for infants of mothers with diabetes is approximately 7 percent. 

Clearly, the economic burden of diabetes is enormous. Each year, patients 
25 with diabetes or its complications spend 24 million patient-days in hospitals. A 
conservative estimate of total annual costs attributable to diabetes is at least $24 
billion (American Diabetes Association est., 1988); however, the full economic impact 
of this disease is even greater because additional medical expenses often are 
attributed to the specific complications of diabetes rather than to diabetes itself. 
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Diabetes is a chronic, complex metabolic disease that results in the inability 
of the body to properly maintain and use carbohydrates, fats, and proteins. It results 
from the interaction of various hereditary and environmental factors and is 
characterized by high blood glucose levels caused by a deficiency in insulin production 
5 or an impairment of its utilization. Most cases of diabetes fall into two clinical types: 
Type I, or juvenile-onset, and Type II, or adult-onset. Type I diabetes is often 
referred to as Insulin Dependent Diabetes, or IDD. Each type has a different 
prognosis, treatment, and cause. 

Approximately 5 to 10 percent of diabetes patients have IDD. IDD is 
10 characterized by a partial or complete inability to produce insulin usually due to 
destruction of the insulin-producing cells of the pancreatic islets of Langerhans. 
Patients with IDD would die without daily insulin injections to control their disease. 

Few advancements in resolving the pathogenesis of diabetes were made until 
the mid-1970s when evidence began to accumulate to suggest that Type I IDD had 
15 an autoimmune etiopathogenesis. It is now generally accepted that IDD results from 
a progressive autoimmune response which selectively destroys the insulin-producing 
cells of the pancreatic Islets of Langerhans in individuals who are genetically 
predisposed. Autoimmunity to the p cell in IDD involves both humoral (Baekkeskov 
et aL, 1982; Baekkeskov et aL, 1990; Reddy et aL 1988; Pontesilli et aL, 1987) and 
20 cell-mediated (Reddy et aL 1988; Pontesilli et aL, 1987; Wang et aL, 1987) immune 
mechanisms. Humoral immunity is characterized by the appearance of 
autoantibodies to fi cell membranes (anti-69 kD and islet-cell surface autoantibodies), 
cell contents (anti-carboxypeptidase A v anti-64 kD and/or anti-GAD autoantibody), 
and/or cell secretory products (anti-insulin). While serum does not transfer IDD, 
25 anti-y3 cell autoantibody occurs at a very early age, raising the question of an 
environmental trigger, possibly involving antigenic mimicry. The presence of cell- 
mediated immunological reactivity in the natural course of IDD is evidenced by an 
inflammatory lesion within the pancreatic islets, termed insulitis. Insulitis, in which 
inflammatory/immune cell infiltrates are clearly visible by histology, has been shown 
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to be comprised of numerous cell types, including T and B lymphocytes, monocytes 
and natural killer cells (Signore et al, 1989; Jarpe et al 1991). Adoptive transfer 
experiments using the NOD (non-obese diabetic) mouse as a model of human IDD 
have firmly established a primary role for auto-aggressive T lymphocytes in the 
5 pathogenesis of IDD (Bendelac, et al, 1987; Miller et al, 1988; Hanafusa et al, 1988; 
Bendelac et al, 1988). Unfortunately, the mechanisms underlying destruction of the 
pancreatic cells remain unknown. 

Numerous strategies (e.g., bone marrow replacement, immunosuppressive 
drugs and autoantigen immunizations) have been investigated as possible means to 

10 arrest the immunological attack against the pancreatic cells. However, for these 
approaches to be effective, individuals who will eventually develop clinical disease 
must be identified. Most often, patients are identified too late for effective 
intervention therapy since the immunological attack has progressed to a point where 
a large percentage of the /? cells have already been destroyed. Because the fi cell is 

15 thought to be an end-stage differentiated cell, it is believed that the body has little 
capacity to regenerate new /? cells, thus necessitating regular life-long insulin therapy. 
Recently, one approach to overcome this problem has been islet cell transplantation. 
Islet cell transplantation has the disadvantage that the islets are allogeneic which, in 
turn, can invoke an allo-immune response. Thus, there would be major advantages 

20 to growing Islets of Langerhans containing functional /? cells directly from IDD 
patients. 

Brief Summary of the Invention 
The subject invention concerns the discovery that functional islets containing 
25 insulin-producing ft cells, as well as other islet cell types, can be grown in long-term 
cultures from single pluripotent stem cells. 

The novel methods of the subject invention take advantage of the discovery 
that pluripotent stem cells exist even in the pancreas of adult individuals. The cells 
can be cultured in a high amino acid nutrient medium that is supplemented with 
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normal serum which is preferably derived from the same mammalian species which 
serves as the origin of the islet cells (homologous serum). This culture is then left 
undisturbed for several weeks to permit establishment of stromal cells. Once this 
stromal cell layer is mature, cell differentiation can be initiated by refeeding the cell 
5 culture with the high amino acid medium supplemented with homologous normal 
serum plus glucose. After an additional period of growth, functional islets containing 
cells which produce insulin, glucagon, somatostatin and other endocrine hormones 
can then be recovered using standard techniques. 

It was not previously known or suspected that pancreatic cells could be used 

10 to grow new islet cells, including fl cells, in culture. The fortuitous discovery of 
culture techniques for growing islet-like tissue in vitro eliminates what had previously 
been a substantial and long standing barrier to diabetes research. The novel methods 
and materials described herein will enable a better understanding of the mechanisms 
of diabetes. Furthermore, the ability to grow islet cells in culture will now make 

15 certain therapies for diabetes possible for the first time. For example, in accordance 
with the subject invention, new cultured islets from diabetic individuals can be 
implanted in a patient as a way to control or eliminate the patient's need for insulin 
therapy because the cultured islets and/or islet cells are able to produce insulin in 
vivo. Thus, the subject invention also concerns the use of the in vitro grown islets of 

20 the subject invention for implantation into a mammalian species for in vivo treatment 
of IDD. 

The subject invention also greatly facilitates genetic engineering of islet cells 
to resist subsequent immunological destruction. For example, the cultured islet cells 
can be transformed to express a protein or peptide which will inhibit or prevent the 
25 destructive immune process. Other useful proteins or peptides may be expressed. 

Thus, the ability to grow functioning islets in vitro from the pancreatic cells of 
an individual represents a major technical breakthrough and facilitates the use of new 
strategies for treating IDD. The discovery that pluripotent stem cells exist in adult 
pancreas circumvents the need to use fetal tissue as a source of cells. 
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The subject invention also concerns the islet cells produced in vitro according 
to the methods described herein. These cells can be produced from a mammalian 
pancreatic cell suspension cultured in vitro and can give rise to functional islet cells 
and islet-like tissue structures. 

The subject invention further concerns the in vitro growth, propagation and 
differentiation of a pancreatic stem cell, Le., a progenitor cell or cells that can give 
rise to the formation of all of the different types of cells and tissue that make up a 
normal pancreas. Moreover, the subject invention concerns the in vivo use of in vitro 
grown pancreatic stem cells to produce an "ecto-pancreas" organ that exhibits 
functional, morphological and histological characteristics similar to those observed in 
a normal pancreas. Thus, the ability to produce a functional "ecto-pancreas" in vivo 
from in vitro grown pancreatic cells can be used to treat, reverse or cure a wide 
variety of pancreatic diseases that are known to result in damage or destruction of 
the pancreas. 

Brief Summary of the Figures 
Figures 1A through ID show cells grown according to the procedures of the 
subject invention. 

Figure 2 shows an islet grown according to the subject invention. 



According to the subject invention, functional Islets of Langerhans can for the 
first time be grown in in vitro cultures. The techniques of the subject invention result 
in cell cultures which can produce insulin, glucagon, somatostatin or other endocrine 
hormones. Other useful proteins may also be produced by, for example, transforming 
the islet cell with DNA which encodes proteins of interest. The ability to grow these 
functional cell cultures enables those skilled in the art to carry out procedures which 
were not previously possible. 



Detailed Description of the Invention 
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The method of the subject invention involves making suspensions of stem cells 
from the pancreas of a mammal. Preferably, the stem cells would be from the 
pancreas of a prediabetic mammal. However, it is also contemplated that cells from 
mammals already showing clinical signs of diabetes can be utilized with the subject 
5 invention. The cell suspensions are prepared using standard techniques. The cell 
suspension is then cultured in a nutrient medium that facilitates the growth of the 
cells. In a preferred embodiment, the nutrient medium is one which has a high 
concentration of amino acids. One such medium is known as Click's EHAA medium 
and is well known and readily available to those skilled in the art. Other equivalent 

10 nutrient mediums could be prepared and utilized by those skilled in the art. The 
medium used to suspend the islet cells is advantageously supplemented with normal 
serum from the same species of mammal from which the islet cells originate. Thus, 
in the case of mouse islets the medium is supplemented with normal mouse serum, 
whereas in the case of human islet cells the medium is supplemented with normal 

15 human serum. The preparation of normal serum is well known to those skilled in the 
art. The concentration of normal serum used with the cell culture method of the 
subject invention can range from about 0.5% to about 10%, but for mice is preferably 
about 1%. For human serum, a higher concentration is preferred, for example, about 
5%. 

20 The cell suspension prepared in the nutrient medium supplemented with 

normal serum is then incubated under conditions that facilitate cell growth, preferably 
at about 35-40° C and, preferably, in about 5% C0 2 atmosphere. This incubation 
period is, thus, carried out utilizing standard procedures well known to those skilled 
in the art. The cell culture is then preferably left undisturbed without feeding for 

25 several weeks. Preferably, the cultures are not disturbed for at least about 3 weeks. 

During this time stromal cells proliferate and establish a monolayer which will 
ultimately give rise to islet cells. The initiation of cellular differentiation can be 
brought about by refeeding the cultures with Click's EHAA medium supplemented 
with normal serum as discussed above. Rapid refeeding was found to induce 
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extensive islet foci formation with considerable cell differentiation. Upon histological 
examination of the cells in the islet-like structures, at least three distinct cell types 
were identifiable and appeared similar to islet cells prepared from islets of control 
mice. The time required for cell differentiation to occur within these foci decreased 
5 as the frequency of refeeding was increased. 

We have been able to propagate and expand islet-producing cultures through 
the serial transfer of islet-derived stromal cells plus islet foci to new culture flasks. 
This facilitates generating sufficient numbers of islets as required for use in methods 
described herein for, for example, reversing the metabolic problems of IDD. 

10 In order to determine whether the islet-like structures and/or islet cells 

produced in vitro according to the subject invention could reverse IDD, the islet-like 
structures were implanted into NOD mice. Mice that received the islet implants 
exhibited a reversal of insulin-dependent diabetes, whereas untreated NOD mice 
showed signs of clinical disease. In addition, no autoimmune pathogenesis was 

15 observed during the duration of the implants. Thus, islet implants of the subject 
invention can be used in vivo to treat diabetes in mammals, including humans. 

In a preferred embodiment of the subject invention, the progression of 
diabetes can be slowed or halted by reimplantation of autologous islets engineered 
to be resistant to specific factors involved in the immunological attack. For example, 

20 the islets can be engineered so that they are resistant to cytotoxic T cell-derived 
interferon-y. The availability of long-term cultures of whole islets can also be used 
in investigations into the pathogenesis of IDD, including the cellular recognition of 
P cells, the mode of islet infiltration, and the immune mechanisms of /? cell 
destruction. Furthermore, this technology will facilitate islet transplantation, 

25 autologous islet replacement, and even development of artificial islets. The growth 
of these cells according to the procedures of the subject invention has great utility in 
teaching students important aspects relating to cell differentiation and function. 

In a further embodiment of the subject invention, pluripotent pancreatic stem 
cells have been grown in vitro from pancreas cells isolated from a mammal. A 
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surprising discovery using these in vitro grown cells in conjunction with the methods 
of the subject invention was the ability to grow and produce, in vivo, an organ that 
exhibited functional, morphological and histological features and characteristics 
similar to a normal pancreas, including cell differentiation to form endocrine and 
5 exocrine tissues. The ecto-pancreas (a pancreas-like organ situated at an abnormal 
site within the body cavity) produced in vivo according to the subject invention 
represents a major scientific discovery and provides a novel means for studying, 
treating, reversing or curing a number of pancreas-associated pathogenic conditions. 
As used herein, the term "growth" refers to the maintenance of the cells in a 

10 living state, and may include, but is not limited to, the propagation and/or 
differentiation of the cells. The term "propagation" refers to an increase in the 
number of cells present in a culture as a result of cell division. 

Following are examples which illustrate procedures, including the best mode, 
for practicing the invention. These examples should not be construed as limiting. All 

15 percentages are by weight and all solvent mixture proportions are by volume unless 
otherwise noted. 

Example 1 - Culturing of Functional Islets of Langerhans 

Single cell suspensions of islet cells were prepared from whole islets isolated 

20 from the pancreas of 19-20 week old prediabetic male NOD/UF mice, as detailed 
elsewhere (Shieh et aL, 1993). Typically, about 25% of the male mice in a NOD 
colony will have overt IDD at this age and all will have severe insulitis. The islet cells 
were resuspended in Click's EHAA medium supplemented with normal mouse serum 
(NMS) to 1% (Peck and Bach, 1973; Peck and Click, 1973), plated in a 25 cm 2 tissue 

25 culture flask, and incubated at 37° C in a 5% C0 2 atmosphere. At this stage, two 
outcomes are possible: first, the islet-infiltrating cells may dominate, thus permitting 
the establishment of immune cell lines, or second, stromal-like cells may dominate, 
thus allowing the growth of a "nurse cell" monolayer. Growth of stromal-like cell 
monolayers appeared to result when islet-infiltrating cells were plated simultaneously 
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but in limited numbers. Enrichment of the islet cells with decreased numbers of 
infiltrating cells can be achieved by gradient separation (Jarpe et al. 9 1991). Stromal 
cell cultures, when left undisturbed for 4-5 weeks (i.e., no refeeding) proliferated to 
cover the entire bottom surface of the culture vessel. From this monolayer of cells, 
5 small rounded cells appeared almost as if budding from the stromal cell layer. 

Differentiation of the cultures was initiated by refeeding the cultures with 
Click's EHAA medium supplemented with NMS and a sugar solution comprising 
glucose or sucrose or other sugar equivalents. Typically, the sugar is glucose. The 
concentration of glucose can be between about 10 mM to about 25 mM, but typically 

10 is between about 15 mM to about 17 mM. Preferably, the concentration of glucose 
in the medium is approximately 16 mM. Techniques for refeeding cell cultures in 
vitro are well known in the art and typically involve removing from about 50% to 
about 90% of the old nutrient medium and adding fresh medium to the culture flask. 
Rapid refeeding induced the formation of increasing numbers of centers of islet 

15 growth (referred to herein as foci) exhibiting cell differentiation. The rate of 
refeeding can be, for example, at about one week intervals. Preferably, the rate of 
refeeding is at about 5 to 6 day intervals. 

At peak production, as many as 150-200 foci occurred simultaneously in a 
single 25 cm 2 tissue culture flask. As the cell proliferation and differentiation 

20 proceeded, the organization of the islet took place and the islet even appeared to 
surround itself in a capsular material. The islets generally grew to a constant size 
(although several grew to about twice the general size), then detached off of the 
stromal layers to float in the medium. These free-floating islets tended to break 
down within 48-72 hours, similar to isolated pancreatic islets cultured under similar 

25 conditions. 

The islet-like structures, collected after natural detachment or removal from 
the stromal layers using a pasteur pipette, were gently washed in medium, then 
broken into single cell suspensions by reflux pipetting. Single cell suspensions were 
prepared by cytocentrifugation, then stained for general morphology and insulin 
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production. The foci contained cells producing the endocrine hormones glucagon (a 
cells), insulin (fi cells) and/or somatostatin (<5 cells). Furthermore, the major 
population of cells stained positive with anti-insulin antibody, indicating the major cell 
type contained in the cultured islet is an insulin-producing ft cell. Figures 1A through 
5 ID show the various cell types which develop during the culture process. Figure 2 

shows a well-developed islet obtained after the in vitro culture of cells according to 
the method of the subject invention. 

Example 2 - Culturing of Human Islet Cells 

10 For culturing human islet cells, a procedure similar to that described in 

Example 1 was utilized. The procedure of the subject invention is particularly 
advantageous because it is not necessary to utilize fetal cells to initiate the cell 
culture. In a preferred embodiment, the human cells can be suspended in Click's 
EHAA medium (or the equivalent thereof) supplemented with normal human serum. 

15 Preferably, the concentration of normal human serum used in the medium is about 
5%. The cultures should be left undisturbed with no refeeding, preferably for several 
weeks. After about 4-5 weeks in culture, cell differentiation can be initiated by 
refeeding the cultures with Click's EHAA medium supplemented with normal human 
serum and glucose as described in Example 1. Islet-like structures can subsequently 

20 be collected and single cell suspensions prepared for further propagation as described 
in Example 1. 

Example 3 - Implantation of in vitro Grown Islet Cells 

To test the efficacy of these in vitro generated islet-like structures to reverse 
25 the complications of IDD, approximately 150-200 foci plus some stromal cells grown 
in vitro according to the method of the subject invention from pancreatic tissue of 
NOD mice were dislodged from the tissue culture flask by reflux pipetting. The cells 
were then implanted beneath the kidney capsule of syngeneic diabetic NOD mice 
maintained by daily insulin injections. Implantation was accomplished by puncturing 
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the kidney capsule with a hypodermic needle, threading a thin capillary tube through 
the puncture site into the kidney, and injecting the islet foci directly into the cortex 
region. The capillary tube was carefully withdrawn and the puncture site cauterized. 
The surgical incision of each implanted mouse was clamped until the skin showed 
5 signs of healing. The implanted mice were maintained on insulin injections for 4 days 
at the full daily dosage, and then for 2 days at the half daily dosage, after which the 
mice were completely weaned from further insulin treatment. Control animals 
consisted of diabetic NOD mice that did not receive an implant. 

Control NOD mice, when removed from daily injections of insulin, showed a 

10 rapid onset of overt disease, including lethargy, dyspnea, weight loss, increased blood 
glucose levels, wasting syndrome, failure of wound healing and death within three 
weeks. Implanted NOD mice maintained a blood glucose level of about 180 mg/dl 
(which is slightly above the normal range for mice), showed increased activity, rapid 
healing of surgical and blood-draw sites, did not develop dyspnea, and remained 

15 healthy until killed for histological studies. Similar observations haven been seen with 
intra-splenic implants. 

Example 4 - In vivo Production of Ecto-Pancreas 

Histological examinations of the implant sites in mice that were implanted with 

20 the islet cells as described in Example 3 revealed an additional characteristic of the 
in vitro generated islet-forming stem cells. Implanted cells which "leaked" from the 
implant site of the kidney underwent additional proliferation and differentiation and 
formed a highly structured ecto-pancreas. At first, the ecto-pancreatic tissue 
consisted entirely of proliferating exocrine cells which organized into an exocrine 

25 pancreas complete with innervating blood vessels. This exocrine pancreas progressed 
to form islet-like endocrine structures. Thus, the in vitro cell cultures produced 
according to the methods of the subject invention contain pluripotent pancreatic stem 
cells capable of regenerating a completely new pancreas. The growth of a pancreas 
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containing both exocrine and endocrine tissue provides new methods for treatment 
of pancreatic diseases, including pancreatitis and pancreatic cancer. 

It should be understood that the examples and embodiments described herein 
5 are for illustrative purposes only and that various modifications or changes in light 
thereof will be suggested to persons skilled in the art and are to be included within 
the spirit and purview of this application and the scope of the appended claims. 
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